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1 Introduction

A single stretched wire (SSW) system similar to that used at DESY for
the HERA magnet measurements [1] has been developed to measure the in-
tegral strength ([ gdl) and centering parameters (center and roll angle) for
the Fermilab Main Injector (FMI) quadrupoles at the Magnet Test Facility
(MTF). The magnets have length ~ 3m, gradient of ~ 23T /m, and a large
measurement aperture (~ 125mm X 80mm). The required accuracies ate:
strength to better than 5x 1074, zg o < 0.25mm, and roll angle < 0.5mrad.
This paper presents an overview of the SSW measurement system and its
design considerations, anticipated performance, and recent results. Appli-
cations of the system to measurements of dipole magnets are also briefly
discussed. '

2 Description of Measurement Technique

Measurements with the SSW system consist in moving a single stretched
wire in either ¢ or y with the return wire held fixed either within the bore
of the magnet or external to the magnet. The flux is given by

& = B.du

Area

= ¢ A.da1

closed loop

where A is the vector potential. The flux measured for the motion of a single
wire therefore becomes

=1 [A,(:z:g,'yz) - Az(zl': yl)]

where

A, =R|[gR) at(e )" |

bp +ia, 1
n=1

with definitions as below. The resultant change in flux will be independent
of the path the wire takes from its initial to final position, and therefore,
determination of the change in flux consists simply in measuring the inte-
grated voltage as the wire moves from its start position (z1,7;) to its final

position (za,¥2). = - T :
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2.1 Conventions

The position of the wire in the SSW coordinate system will be given by

z, y. The magnetic center of a quadrupole magnet is defined as the point
within the quadrupole field which has zero dipole amplitude. A wire placed
in a quadrupole field is displaced from magnetic center by a distance zq, yo,
with the roll angle between the wire and magnet frames given by 8, (see
definitions in Figure 2). Considerations arising from the wire and magnet
axes not being parallel and misalignments of the stage systems are considered
separately. Where multipole harmonic coefficients are used, n = 2 indicates
a quadrupole field and the coefficients have an additional phase of nf, as
compared to the coefficients in the magnet frame (i.e. they are with respect
to the SSW system). The harmonic coefficients of the magnet are defined
as

by = Gn cos(nb,)

C;

and
Cn - .
ay = C_z(—l) sin(n6y,)

where the Cy,, R, and 6, are the amplitude, reference radius, and phase of
the harmonic fields respectively. '
2.2 Basic flux measurements
A quadrupole field is given by
B:=gy -
B, =gz

where g is the gradient at a reference radius R (¢ = By/R, where B, is
the quadrupole field measured at R). For measurements in which a wire is
~ moved in a horizontal plane aligned and centered in the quadrupole from
position ¢ = 0 to position z = +D, the flux is given by

. + D
By = /th:/B,,dazf g L z dz
0
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where L, is the magnetic length, z is the distance of wire travel (see Figure
2), and D is the 4 limit of this travel. More generally, in the wire’s frame,
translated and rotated with respect to the magnet’s, :

+D
ir = [ bttt sniy -
/ _ .
Lmg [‘231’2 F (b2Dzo + a; Dy — azD?lo)] (1)

(b2 = c0s2 6,, az = sin 2 6,). Similarly for Y motion fromy=0toy=4D
by, ., . A
®vi = Ing| 2D (t:Dso - arDz 4 a2 Do)

The general flux expression for horizontal measurements, including all mul-
tipole fields, is given by :

®14(4) = LngR { > (5[5 Rll(e —20) + ity - )"} -
. n=2 ’

Y jg=xD

= 9l - 20)+ ity - )] |

(2)
(see [5] ; note, however, the difference in notation in this reference).

2.3 Integrated strength determination

The quadrupole strength, gL,, can be determined from the basic flux mea-
surements by . ' :

®ut +@H- = LingD? by - ' )
and
§y+ + dy_ = Lm_qu by

In our SSW system, for the purposes of saving costs, linear encoder systems
were not purchased for the vertical motion stages, and so in practice the
strength is accurately determined only from horizontal movement of the
wire, I ' : : S
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2.4 Centering parameters determination

Roll Angle: If we define a quantity zj by

2! = _B(Q;{_le}) .
° 2 (24 + 8p)
= zoby+ -2y0, +21y 6, (4)

the roll angle of the magnet with respect to the SSW system can be found
by measuring z§ as a function of the position y (note that the alignment
requirement for roll angle (Section 6) allows a; = —sin26, ~ —26, with
negligible error). That is, since all other quantities are constants, the slope
of zfy vs. y in the SSW frame yields —24,.

- Center Offsets: The centering parameters, zo,yo are approximately de-
termined by the same quantity measured.at z =0, y =0

_D(3f - %5)

Ty = = @bz + 2yob;, | 5

TTrEhrey) T 9
D (&} — &%)

o = — = 12 = yoby — 2206,

yo 2 (§¢ + @-{-) yO 2 — «T0 (6)

As will be s]iown, the 0, terms are negligible.

2.5 Corrections fof wire deﬂevction

As is true for all measurements, strength, roll, and center offsets, the above

measurements can be repeated at more than one tension and the results

extrapolated to infinite tension if needed to remove effects from wire suscep-
tibility, sag, etc. (see (1] for further discussion). In our application for the
FMI magnets, these effects are small and measurements at multiple tensions
are required only for determ.matlon of yo where the sag cannot be ignored.

2 6 Additional measurements

In addition to the measurement of quadrupole pa.ra,meters described in this
section, qiiadrupole axis determination and dipole measurements are briefly
presented in Appendix C.
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3 Description of System

The stretched wire system is comprised of precision motion stage units,
supports for positioning and alignment of these units, ancillary components
to support and tension the wire, and electronics and software for control and
data acquisition. These systems are briefly described below. For reference,
a list of SSW drawings, components, and a schematic diagram are given in
Appendix A and Flgure 1.

3.1 Hardware
3.1.1 Supports

Each end of the SSW system is composed of a base plate which is “perma-
nently” fixed to the test stand, a highly rigid but removable fixture pinned
to the base plate, and the stage unit which sits atop the fixture. The fixture
supports the stage unit at three points (see Figure 3). The front spherical
foot mates with a cup, while the back two are constrained to'a groove or rest
on a flat plate respectively. The spherical feet, coupled with the surfaces of
the fixture and the bolts and spherical washers which can translate them,
form a three point kinematic support which adjusts the position of the stage
unit with respect to 5 axes: x, y, roll, pitch, yaw. After alignment, the bolts
are tightened, and the position of the stage unit can be reproduced after
removal and replacement of either the stage unit or stage unit plus fixture.

3.1.2 Stage units

The stage unit is comprised - of precision £ — y stages (z—stage atop
Y- stage) mounted on a rigid angle bracket attached to a 1” thick Al stage
unit plate. The stage unit plate is flat with respect to motion of the z—stage
to better than 1mrad so that this surface can be used for roll angle align-
ment (Figure 6) (this was checked by esta.bhshmg a line of sight parallel to
- the surface of the plate and measuring the position of the stage fiducials
at + maxima of stage travel). Also, the edge of the stage unit plate is
perpendicular to the z—stage motion to within 1mrad for purposes of yaw
alignment (Figure 6) (and similarly verified). Relevant features of the stages :
are summarlzed here

e £1” travel, 25 pitch (0.040” /rev) stainless steel leadscrew

. ;tré.ightness and flatness specifications: < 1.5um
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e z — y orthogonality specification: 25urad
e z-stages equipped with 1um accuracy linear encoders

¢ home and limit switches with 10um repeatability (measuring this with
the encoders indicates it is actually much better than this when ap-
proached slowly)

The stage unit is compact (~ 30 x 30 X 30cm) and weighs ~ 25kg and can
be easily swapped for the stage unit at the other end of the test stand; as
will be seen, this allows for more accurate determination of the roll angle.
The SSW stage units are shown in Figure 4.

3.1.3 Stage tooling plates

Stainless steel tooling plates are pinned to the 6" X 6" surface of the stages.
The wire support and tensioning systems are affixed to these plates. In ad-
dition, alignment fiducials are mounted directly on the tooling plates and an
attempt has been made to align the edge fiducials parallel to the actual axis
of stage motion (if this were the case, stage roll angle could be determined
from these fiducials rather than from a p-level). Figure 5 shows views of the
tooling plates.

3.1 4 -Wire support and tensioning

Stainless steel fixtures pmned to the stage toohng plates support the wire
and tensioning system. The wear resistant wire guides (or ‘jewels’) are made
of a hardened ceramic (Al203) and have been located to better than ~ 10um
to the fiducials using a contour pro jector and 2. Spm—a.ccura.cy helght gauge.
The wire support system strives to keep the wire in a well defined position
while minimizing the distance of the wire support above the stage surfa.ce
(important for minimizing stage error).

The wire used is CuBe, the advantage of which is a hlgh strength to
weight ratio (less sag) and lower paramagnetism than a material like tung-
sten. To remove any effects of sag, a tensioning system with stepping motor
at one stage unit and tensoining gauge at the other, allows for measure-

‘ments at several tensions which can then be extrapolated to infinite tension
as was done at DESY [1]. At the tension motor end, a pulley is used so that
the size of the tension motor does not dictate the wire d.lsta.nce above the
stage surface. An arched metal spur on the tensioning motor shaft.sleeve
provides for quick, benign wire attachment (see Figure 5). At the tension
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gauge end, a double set of jewels and G-10 post mounted directly in front of
the gauge (moving axially on slides/pins) allows tension to be transmitted
with no torque to the gauge. The G-10 post essentially provides a ‘hook’
with a moderate radius of curvature for attaching the wire. The wire comes
off the jewels at both ends at a small angle (~ 50mrad) so that the friction
is minimized.

The wire supports are electnca.]ly isolated from the stage surfaces 50
that the system ground can be controlled. Connections of the wires to the
input leads of the integrator are made on a section of copper rod (which
provides thermal capacitance) thermally insulated within flasks (to reduce
changes in thermovoltages) (Figure 3). This is necessary since the changes
in thermovoltages create errors in the flux measurements (the constant offset
- voltage (drift) is subtracted).

3.2 Electronics

A Metrolab Precision Digital Integrator (PDI) is used to measure inte-
grated voltage (flux) from the moving wire. The gain and linearity of voltage
measured by the PDI has been calibrated against an HP3458A DVM to a
few x107% accuracy [3]. The cumulative integrated voltage is sampled at
15Hz, with triggers synchronized to the AC line cycle, and stored in the
PDI resident memory until measurement end. A DVM measures the output
of the magnet power supply current transductor as well as. the output of-
the wire tension gauge. Motion control for the stages and tensioning motor
is provided through Whedco drivers and translators via VME and GPIB.
Output registers are used to control switch selection allowing for homing
of individual stages and selection of operation mode (x, y, co-directional,
.connter-d1rect10na.l) Motions and pauses are made as fast as practical to
- minimize 1/f effects. (Typically stage motion is ~ Smm/[s and the delay
at each motion step ~ 2s to allow wire oscillations to damp out). Closed
loop feedback is used to control stage motion with mea.surement of actual
distance traveled performed by the hnea.r encoders

3.3 Softwarev

Currently the SSW system is used for production measurements of Fer-
milab Main Injector (FMI) magnets. These SSW measuremets use the
database driven control and acquisition superstructure known as CHISOX

- [4] with the raw and analyzed data stored in SYBASE. CHISOX controls
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all the motion, switching, and acquisition electronics allowing the measure-
ments to be fully automated. Data acquired with CHISOX are not “real-
time”, and it is the analysis software which determines the start and stop
times of stage motion from the data (see Section 8). Also, data acquisition -
can be performed using a UNIX shell-script (used during development of
the system), and a MOTIF based GUI is being developed for ‘stand-alone’
SSW measurements.

4 Data Acquisition

4.1 Measurement description

SSW measurements begin with homing of the stages, so that a repro-
ducible start position for survey and measurements is established. An optical
or laser tracker survey is then performed to establish the location of the wire
with respect to references on the magnet (see Section 7).

Measurements in z consist of starting the integrator with the wire sta-
tionary at £ = 0, taking data for ~ 2s, moving the wire in 4z by a distance
D = 25mm at ~ 5mm/s (pausing at D for 2s to allow oscillations time to
damp), and returning to = = 0. After a 2s stop at zero, the wire is then
moved in the same way in —z with return back to z = 0. After three such.
cycles at a given current, integration is stopped and the integrated voltage
vs. time data read from the PDI. The integrated voltage is sampled at 15Hz
throughout the measurement cycles and current and tension are sampled
at each start/stop position. With these z measurements, both the strength
and z-center position can be determined (see Sections 2.3 and 2.4).

The y measurements are similar, but are typically performed at a single
current since these measurements are only used for determining y-center
position (independent of current). However, the measurements are repeated
- at several tensjons to eliminate the effects of sag (see Sections 2.5, 5.3 9.4).

Roll angle determination consists of the = measurements above per-
fo_rmed aty =0, +25mm, —25mm and combined as discussed in Sections
2.4 and 5.4. Again these measurements are typically performed at a single
~ current. In addition, microlevel measurements of the roll of the stage units -
is needed (see Section 7.2).

Determination of the flux of each measurement is described in Section 8.
Further measurement details are available i in the procedure documentation

[8].
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4.2 Software and data storage

The CHISOX ([4]) check lists used for performing the above measurements
are: ssw-home_motors, ssw_scan_z, ssw_scan._y, ssw_roll_angle. The check
lists for data analysis are analyze_ssw_strength, compare_ssw_survey, and cor-
rect_ssw_strength (which corrects for the rather large octupole of the FMI
quadrupole magnets). Data reduction for the analysis check lists is per-
formed in the programs reduce_and.record_ssw and red_ssw_scan_one_azis.
Raw flux data are stored in Sybase columns fluz_raw and ¢_fluz of flatcoil ta-
ble flatcoil raw_pnts. Reduced strength data are stored in flatcoil table flat-
coil_red_pnts.delta_integral_field_component. Analyzed strength data (aver-
aged and corrected) are stored in the results database table magnet_strength.
Data pertaining to center, roll, and survey measurements are in tables
ssw-magnet_survey, ssw_jewel survey, and ssw_survey_agreement with sur-
vey data entered into the database using the script ssw.magnet_survey.sh.

5 Expected Errors

General requirements for system design were set forth in a previous doc-
ument [2]. Here the focus will be on characterizing the SSW system which
presently is in use. In estimating the error of a quantity which is a function
of several variables, e.g. f(z,y,2,...), the following will be used:

5.1 Stage errors .

A: sketch defining the various axes of a stage is given in Figure 7. The
performance of a stage is usually characterized according to deviations in
straightness and flatness over its travel. These are usually measured by
mounting a laser interferometer target at some height above the stage and.
recording these deviations as a function of travel. These straightness and
flatness errors, however, are not uniform ‘translations of the entire stage
in z, y, 2, but rather stem from imperfections in the stage which allow
its pitch, yaw, and roll angles to change as it travels. Knowledge of these
angles is useful in calculating positioning errors caused by the stages. For
the SL2002 stages used in the SSW system, PPL indicated that the pitch,
yaw, and roll of the stages were better than 25urad over an inch of travel.
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Using these, the errors in wire motion during SSW measurements can be
estimated. As shown in Figure 7, because the wire is supported a distance off
the stage surface, it is the pitch error which causes an error in the distance
traveled by the stage. The stage platform (the travel of which the encoder
would measure) might move exactly D but that because of the pitch angle
error, the wire would move less than that. Since the SSW is supported off
the stage by a distance of no more than ~ 50mm at either stage, we will
use H = 50mm to estimate this error. This implies

Az = Hop,w,,,m (8)
= 1.25pum '

This error is consistent with the stage certification that PPL performed
comparing the encoder readout to an optical master.
Straightness errors should be given by

Ay = Eofo"ltagc + Wayawatage (g)

where H is the height above the stage and the W used depends on the the
point about which the stage is yawing (if yawing about the center, W is
effectively zero). Choosing W as half the width of the stage (76mm) (i.e.
the axis of yaw is a corner), and H as above, Ay is expected to be 3um.
Since this is somewhat larger than the stage spemﬁca.tlon (1. 5p.m), W or the
angles, are better than this. '

5. 2 Strength error

Assummg that the ro]l, yaw, a.nd pltch of the SSW system rela.tlve to
the magnet have been adjusted according to the requirements in Section 6
(and therefore cause negligible error), an estimate of the error in measured
qua,drupole strength from Eqns. 3 and 7 can be expressed as

Furthermore, if the wire is reasonably centered in the field, $* ~ &~ =
®, then the errorin either + flux measurements is A® and the above becomes

(ALmj)z =2x ( o8 Aé)z + (‘zfAD) | (10)
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The relative error of the strength measurement is thus given by
AL.g\? A®\? [2AD\?
(Be) =)+ () w
Estimate of Systematic Error: Since the calibration and linearity of the
PDI integrator used for lux measurement is accurate at the level of ~ 10785,
the systematic error in strength determination is governed by AD (the error
in measurement of wire position) and other factors such as multipole errors,
and measurement of magnet current. '
The systematic AD should stem mainly from the imperfections in the
individual stages (note that a factor of /2 is gained since both ends would
have to cooperate to generate this overall error). Since AD from the stages

was estimated in Section 5.1 as 1.25um, the estimated accuracy of the system
for a move of D = 25mm would be

(Ang) = [2x ™ 1x10°%m
Lo.g 0.25m

= 08x107*

By calibrating the stage motion near the position of the wire with an in-
terferometer, this accuracy can be checked. The results of such a calibration
are presented in Section 9. Note that since the start and stop positions at
both ends of the wire are measured, the proper effective wire motion can be
determined with negligible error in the strength calculation (see Appendix

The first order errors arising from multipoles cause the measured strength,
(Lmg)'; to differ from the actual strength by - o

2 4 .

| I’ Lng = "2—4% LA (12)
and can be removed using the calculated influence from measured multipoles
or through additional measurements as discussed in [6]. For zg, ¥ # 0,

, 2
additional multipole errors (to powers of (%) (6 being either of zg, yo)
and n < 6) are : :

_ R -
ng' — ng = —2b3-:;€0 4 2(1,3% + 3b4 zO‘Rz‘yo — 6ay 21(;30. - 2b5 R:o 1
Zas> R§’° + 5bs: (1‘;4 %) _ 10as———Rfy° (13)
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-For multipoles smaller than a few units (measured at R) and zo, yo <
0.1 X R, these additional contributions are negligible.

- Effects from slight paramagnetism of the wire are potentially significant
and can be removed by performing measurements as a function of tension.
At DESY, paramagnetic effects accounted for an error of 2 x 10~ in the
strength [1] however this effect is negligble for FMI magnets which have a
lower gradient and require a shorter wire span (see Appendix D).

The transductor which measures magnet current has a calibration which
is known in relation to other devices: its absolute accuracy, however, is not
well known.

Random Errors: The main sources of random error in the SSW measure-
ments of strength are RMS variation in encoder readout (not actual position
variation), vibrations, electrical noise, and power supply readout instabil-
ities. Unmeasured wire motion (e.g. from wire slippage on the Jewels) is
believed to be negligible (see Section 8). -

To estimate the RMS error from the encoder we need only estimate the
error in' the effective D measured by the encoders assuming the 4 positions
reported at each end have an RMS error of the least encoder count (1um).
Since these four quantites are averaged to determine a D.s; (Appendix B),
the AD.zy is just 0.5um and leads toa relative strength error of -

(Ang) _ (2AD)
Lyg - D
.~ 05x107*

for D = 25mm.

Wire vibrations for the FMI quadrupole measurements at MTF, exper-
imentally appear to be ~ lum. These give rise to fluctuations in measured
flux, AL,gD?,of 2L,gDAD (see Eqn. 11), or for FMI quadrupoles at
3kA (Lpmg =~ 50T), about 2uV — s. A sample of relative data fluctuations
at 3kA with the wire stationary at three of its ‘flattops’ is shown in Figure 8.
For the most part, the higher frequency mechanical vibrations shown in the
figure average out since many points are sampled at each flattop, and it is
the low frequency electrical noise which dominates the error in determining
In the present setup, the limit of our ability to accurately measure the
flux in the electrical noise environment at MTF is ~ 1 — 2 x 107V — s
(Section 8). Using Eqn. 10 and motion of 25mm, this gives rise to random
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errors on the order of

2A%
D2
= 0.003T

AL,.g

For FMI measurements at 2kA4, & = 10mV — s, and the relative random

error is
= —_—

= ~1x10"*

The stability of the power supply and current measurement, of course,
directly affect the RMS variation in measured strength.

5.3 Offset determination error

With measurement at y = 0, z¢ is estimated from

2 = _Dc.f.f (Q.I,-I - ®5)
’ 2 (2f+25)
= zo+2y0 b (14)

and the error in z§ can be expressed as

72 azo + 2 amo ax 2 ’ ‘
(Azo) = 6§+A§ + 3§ —A®~ + aD AD,_ff (-15)

where D.¢; is the eﬁ'ective _wire motion (see Appendix B). The error in de-
termination of centering parameters is generally very small in comparison to
transferring this determination to a reference surface on the quadrupole. For
situations where such effects may be relevant (e g. relative mea.surements)
sources of error including alignment, motion errors, flux measurement errors,
and’ multipole contributions are discussed below. ' '

Systematic Errors: Causes of systematic errors in offset determination
include alignment, errors in Def #, multipoles, and sag effects.

The systematic error in z§ caused by a.non-zero roll angle is sma.]l
~ 4pum (assuming yo < 0.002m, 6, < 0.002mrad as described in Section 6).
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Accurate measurement of D sy is not a concern in the offset _measure-
ments; though the last term in Eqn. 15 involves errors in D.yy, 2, is very
insensitive to those errors (e.g. with the wire off center by 2mm and a 10um
error in D.yy, the error is < 1um).

The presence of multipole fields causes a small error (on the order of few
pm’s). For example, the leading multipole errors cause z, to differ from =z
by

2 - 2 b D4 be — D4
z{)—mo_—-?i—‘q-.{.MD _§_+(1‘0 6 yoas)__

3 R R R 5 R3 R R3 (16)
or similarly for the y—direction

(. _a3D?  (—zoas—yobs) D* a5 D*  (zoas+ yobs) D*
Wow=3E T T R E 5wt & m U

Sag does not influence the z{, measurements but is a large, ~ 75um error,
for FMI v} (see Appendix D). The elimination of the sag depends on the fit
of yg as a function of 4 and so depends on the number of tensions measured,
the hnea.nty and sta.blhty of the tension gauge, and frictional effects (the
gain calibration does not affect the result). When non-linearities in the ¥},
vs. 1/T data occur, the uncertainty in the y§ determined from extrapolatlon
is on the order of 10 — 20um.

RMS Errors: Near magnet center @+ = &~ = & and so combining the
flux terms in Eqn. 15 gives ~ o

which serves as an estlmate of the varlatlon in zo expected from errors in
" measurement of flux. For example, for A® ~ 2 x 10~V —8,®=10mV —s
(FMI at 2kA), D.s¢ = 25mm, the RMS variation expected is ~ 2um.

Also, as discussed in Appendix B, z—stage errors, random encoder errors,
wire slippage on the jewels and other errors which cause a disparity in +
movements all cause errors in determining z{; the error being the motion
disparity itself. For z{, where there are encoders, this type of error is very
small (1—-2um). For yg, however, where the + distances are assumed equal to
their nominal values, stage travel may be disparate by 5 — 10um (depending
on the reproducibility, this may instead result in a systematic error to the
measurements). ’
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With RMS variation of the tension gauge ~ 20 grams, removing wire sag
influence with extrapolation of the 1/T data (taking three measurements at
‘each of three tensions) gives an uncertainty on the intercept of the fit of
about 3 — 5um for a typical measurement. :

5.4 Roll angle determination error

The simplest roll measurement would involve measuring zh at y = +D
(see e.g. Figure 2) and using Eqn. 4 to determine the slope, —20,, from.

2o(D) — zo(—D)
2D

-2,
This iinp]ies

-6 :
b == (19)

where § = z4(D) — zf{(—D). The error in this quantity can be estimated
as

(A6)? AD ) ( 20)

(Aor.)2 = (4D)2 + (0 )2 (D

The term with- A—Q is not a significant contribution (e.g. if 6, = 10mrad, D =
25mm, AD = IOp.m this term amounts to 4;L'ra,d) -and is why encoders for
the y stages are not necessary. Thus the error in roll angle depends entirely
on the error of §, the difference of the measured z§’s. The chief factors which
could create an error in this difference are ' ’

o z—y stage orthogonality: An error in stage perpendicularity creates
an offset in the z{, at one y extreme relative to the other by Az} =
2DAbsrinog- The stage orthogonality specification is 25pra.d which
implies an error of A§ = 1.25um.

e straightness of y—stage over full travel: If the y——sta,ge has im-
perfections in its travel from y = D to y = —D, error will be incurred
in the measurement of §. From Eqn. 9 the stra.lghtness error incurred
by the y—stage should be given by

Am = (H + T)ofouuage + Wovawat;ge
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where the total height of the wire above the stage, H + T (H is the
height of the wire support above the stage surface (~ 50mm) and T

is the thickness of the z—stage (~ 75mm)) is used. With W = 76mm
as before, and specifications of Oroll,iey. = Oyaw,eape = 25urad, these
terms yield an error of A§ = 5um.

e multipole induced errors: The dominant error from multipole fields
stems from the dodecapole (12-pole), the influence of which changes
sign at +y so that its effect is additive. This multipole gives rise to an
error in measured roll angle, 6., of

_ 4 4 10D22
91—0r=-—1(as—D—+a§f——as— c) ()

where ¢ are the y positions at which z§ is measured. If ¢ = Dis
-chosen, this implies

o= = te3
For the Fermilab Main Injector, the 0.6 unit skew dodecapole yielded
an error in roll angle of ~ 40urad (error of A§ = 4um) (the next
multlpole to contribute is a9, which for y = +D yields an error of
a10% R _E’) o -
Additional multipole terms may contribute if the wire is not centered
in the magnet (z¢, yo # 0). The lower order terms (through n = 7)
yield an additional error in 6; of ' '
To: 323y

J0 0 9 " ZoYo
0 6, —b3R+a3R ‘a42 72 3b R2 +

To D%\ N % D4" . o
4a7R (R“) + - 4b7R (R‘ - | (2_2)A
For example, the FMI quads have by ~ 5 units. If 29 = yo = 2.5mm,
these add an additional 15urad error. For a magnet with small unal- -

lowed multipoles or a wire that is adequately centered, these additional
effects can be ignored. :

All multipole eﬁ'ects however, are ca.lculable and can be removed dur- '
ing analysis if the multipole fields are known.
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* measurement error in z§: Any systematic error contribution to
measurement of z{, (except multipoles) should be present at all y posi-
tions and therefore should not effect the slope (i.e. 6,) determination.

~ However, non-flux-related RMS errors such as discussed in the previ-
ous section, may contribute ~-2um to the error in §.

e errors from flux measurement: Errors in the determination of flux
can affect the measurement of z}) according to Eqn. 18. If only the
two y = +D positions are measured then the error in § would be V2

' times the error estimate given in this equation. For an error in flux of
2 X 1078V — s, this implies an RMS error in § of V2Az) = 3um.

Summing these errors gives a total error in § of ~ 12pm assuming multipole
errors are removed. Using Eqn. 19 this works out to 120urad error in the
0, for D = 25mm. _ o v

This basic accuracy can be improved, however. The stage units are
small and light enough to be swapped end-for-end relative to the magnet to
repeat the measurement of roll angle. If the stage units are aligned relative
to gravity in the same way for both the original and swapped positions
(see Section 7), then 6, measured in the original configuration should equal
—1 X 6, in the swapped position. Since the offset caused by the motion and
quality of the stages will not change sign with the swap, the roll angle offset
caused by the stage units can be determined and removed. Of the errors
listed above this includes orthogonality and straightness errors of the stages.

6 Alignment

There are five coordinate axes of concern in setting up the SSW system
" relative to the magnet: x, y, roll, pitch, yaw as shown in Figure 9. This
is true of both of the z — y stage units comprising the SSW system. This
section aims at providing the minimal alignment requirements needed to
satisfy the FMI requirements of measurement accuracy. Transfer of the
measured parameters, z, y, 0,, from the SSW system to magnet fiducials is
discussed in the next section. . -

6.1 Translation alignment (zo, Yo):
" If one or both ends of the SSW system are translated in z, y, the result is
that the wire has an average displacement, or is at an angle, relative to the
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magnet’s axis. This has been shown to negligibly effect the strength deter-
mination (see Appendix B and. Eqns. 12, 13), and also has little influence on
determination of the centering parameters (Eqns. 14, 16, 17) or roll angle
(Eqn. 22). Thus, requiring

Zg, Yo < 2mm (23)

for the FMI measurements allows translation errors in either or both stage
units to be ignored.

6.2 Roll angle alignment:

0, affects the strength determination according to Eqn. 3. That is, the
strength is determined from : : .

§H+ + QH-
- D? cos(26,)
@H.,, 4+ ®y_
D? (1 - 262)
§H+ + Py
D2

Lhg =

Q

‘ng.(_l - 203) z

Therefore, if the error in strength, 202, is to be kept less tha.n 0.5 x 10'4
this requires

8, < 5x1073 | (24)

This requirement is achieved practically by leveling the magnet, and level-
‘ing each individual stage unit using a microlevel on each stage unit plate
(assuming that the degree of parallelness between the stage and the stage
unit plate is known - see Section 3). The measurements of 6, and zo, yo are
rather insensitive to roll angle -alignment (Sections 3.4 and 5.3).

6.3 Stage yaw alignment:

A yaw angle in either or both stage units relative to the magnet axis effects

the actual distance the stage moves in the z direction. Yaw errors cause the
distance of wire travel, Dy, to have a factor cos Gyw s ;0;‘;“, An error
in Dejsy has little effect on the roll or center offset determinations (Sections

5.3 and 5.4), and so it is the strength measurement which again drives the
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requirement. Since the relative strength error from AD,.4y is given by ZATD
(Eqn. 11), maintaining an error in strength < 0.5 x 104 requires

2AD _ 2 (D X -21-03‘“")

—4
D D <0.5x10

that is, ‘
Oyaw < 7 mrad (25)

By establishing a line of sight parallel to the magnet axis (using external
fiducials of the magnet) and measuring the distance from the line of sight
to positions at the side of each stage unit plate, 0w can be measured and
adjusted. This assumes that the edge of the stage plate is perpendicular to
the axis of travel of the stage to an acceptable amount (see Section 3).

6.4 Stage pitch alignment

A non-zero pitch in a stage unit affects the yo and 6, determinations by al-
tering the D s for y motions by a factor 1 — %O:itch‘ The relative accuracy
required for yo and 6, measurements is not very high: if require 6, mea-
surement < 20urad and alignment requirement is 5mrad (Eqn. 24), this
implies 4 X 10~3 accuracy; if require yo measurement to 5um and alignment
requirement is 2.5mm (Eqn. 23), this implies 2 x 10~3 accuracy. Since the
relative error in both yo and 6, that is caused by the distance error is given
by %Q (Eqns. 15 and 20), measurements require

‘AD
—I)—" < 0.002

where the AD ca1.1se‘d:byA pifch mi_sa]ignment is -?0:‘% This implies ™
Opitch < 60 mrad (26)

which is easily accomplished.
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7 Transfer of Centering Parameters

If the alignment requirements above are met, the SSW system can deter-
mine the zo, Yo, & to accuracy as described in Section 5. These accuracies .
are related to the SSW system , however, and must be transferred to mag-
net fiducials to be useful during magnet installation. The transfer process
incurs its own set of errors which add to the system inaccuracies previously
discussed.

7.1 Error in Transfer of z,, yo

Wire location relative to SSW fiducials: The SSW stage units have
fiducial ‘nests’ mounted on them to facilitate transfer of the zg, 3o coordi-
nates measured. The nests are made to hold a laser tracker retro-reflector
(which will be used during installation of the Main Injector magnets) but
have an adapter so that they can be used with optical survey equipment
which is more readily available at MTF. The z, y offset between the center
of a survey ball or retro-reflector at the nest and a wire on the ceramic jewel
requires calibration. This was accomplished using a contour projector to
first transfer the position of the wire as it rests on the jewel to one of the
pinned mounting plates on the tooling plate surface, and then using a pre-
cision distance caliper to determine the distance from the mounting plate
to the center of the survey ball. This procedure could be used to locate the
wire to the nest within ~ 10um. However, the radius of the jewel groove
was chosen to be 100um (to minimize abrasion on the wire and to allow
flexibility in choosing larger diameter wires), and so with the wire radius
typically used being 50um, there may be an addmona.l 25pm uncertainty
in the wire loca.tlon on the _]ewel : :

Influence of Fixture Positioning: If the = — y stage units of the SSW
system are not close to the magnet énds and the wire is not parallel to the
magnet axis, transfer errors on the order of 10’s of um can result because
the stage locations do not adequately répresent the location of the wire at
the magnet end. For example, if the z—offset of the wire at one end of a
-2.5m magnet is 2mm (a 800urad angle) as shown in Figure 10, the stage
holding the wire 10cm from the magnet will be further translated, relative to
‘the magnet axis, by Az = 80um. In the figure, if the distances from stages
to magnet, p and g are the same, then when measurement of both stage
fiducials are combined, the net effect is zero. If these are not the same, the
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wire would have to be near parallel with respect to the magnet axis to avoid
this type of error; this can be achieved either through alignment of the wire
using magnet fiducials, or by determining the magnet axis (see Appendix
C). Note that since this effect is a constant, determination of roll angle from
zy’s at different y locations is not affected.

Measurement of SSW and Magnet Fiducials: Measuring the dis-
tance from the fiducial nests to the magnet fiducials is presently accom-
plished via optical survey or using a laser tracker. The laser tracker accu-
racy is nominally 50um while optical survey is typically ~ 125um. Given
the above errors, these transfer techniques provide sufficient accuracy for
current applications of the system.

7.2 Error in transfer of 4,

The roll an'glé measured, ., is transferred by relating the roll of the SSW
system and the roll of the magnet to gravity.

Magnet Roll: The roll of the magnet with respect to gravity must be
determined from its fiducials. For the FMI, targets (survey scales or a retro-
reflector) are placed at several locations on the exposed lamination surfaces
at the top of the magnet, and the differences in height of the the targets is
determined using a laser tracker or optical survey. The lamination surface
openings are separated in ¢ by ~ 400mm so that for y measurement error
~ 100pm, 8, can be measured with error ~ 200urad.

SSW System Roll: The SSW measurement of magnet roll angle is per-
formed by first determining the roll angles of the stage unit plates at both
ends of the system using a microlevel, and then performing a measurement .
of roll angle as described in Section 2. The roll angle can be found from

‘0,-:0'—'-_0m+01—0¢ o (27)
where |

e 0, is the roll angle of the magnet with réspect to gravity and is the
quantity of interest :

e &' is the angle determined from measurements (e.g., as described by
Eqn. 19) with errors as described in Section 5.4 ' ’
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e 0O, is the offset arising from multipoles (this can be calculated)

e 0 is the angle of stage unit platforms mesured with microlevels before
each SSW roll measurement

o 0. is the system offset present (determmed via calibration as described
below) caused by '

— errors in the stages (1ncludmg z—y stage perpendicularity, straaght-
ness, etc.)

— the stage unit plates (where the microlevels are placed to read 6;)
not being perfectly parallel with respect to the z—stage motion

(Note that the offset of the microlevel is not included as a factor, since the
offset is checked periodically by measuring with 0° and 180° on a flat granite
table. Moreover, a single microlevel is used, reading first one stage unit
plate and then the other; since the two stage units face each other during
measurements, any offset in the level will cancel when the two readings are
averaged to determine 6;).

- Transfer errors in the roll angle measurement are incurred both by §; and
0. in Eqn. 27 since both these quantities use microlevel readings to relate
the angle of the system to gravity. The error in reading the microlevel is
~ 25urad, and since the offset has effectively been removed this serves as
an estimate of all §; measurements.

To determine &, a roll angle measurement is first made with §; a.dJusted
to be zero for each stage unit. The stage units are thén swapped end for
end, the stage unit plates again leveled to zero, and the magnet roll angle
remeasured The ﬁrst roll angle measured (Eqn 27) is

8, = 0 -0, 8.
and the seconds is
| | 01':0”_'071:""02
Crombining- these eq_u;tio’ns allows determination of
be=r@-0n (28)

~ Thus, determination of 0 involves the average of (at least) two 6; mea-
surements and two roll angle measurements (normal and swapped positions)
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with inherent random errors as described above for §; and in Section 5 for §'.
For the FMI measurements, this gives an expected error in 0. of ~ 40urad
for a single calibration.

An estimate for transfer error of a smgle roll measurment would be the
uncertainty of a §; measurement combined in quadrature with the above
error in . determination: this yields an RMS error of ~ 50urad.

8 Determination of Flux

8.1 Method

A single flux motion step is shown in Figure 11, where ®(t) = JT V(t)dt
The wire is at rest at ¢ = 0, begins motion at ¢ =¢; and arrives at its final
position at ¢ = ¢, where oscillations are allowed to damp for ~ 2s. Similarly,
times t3, t4 give the times of return motion. The constant slope or 'drift’
observed is caused by the integration of a constant offset voltage present in
the electronics (PDI) or stemming from thermovoltages in the connections
from the integrator to the stretched and return wires. To determine the flux
caused by wire motion through the magnetic field, three distinct regions
where the wire is at rest are determined for each flux motion step. The
points fo, {2, t4 are determined from the data by performing a linear least
squares fit to a specified number of points (for FMI 30 points are used)
starting at each point, and searching for regions where the errors in the
fitted slope are a minimum (see Figure 12). The slopes starting at these -
points; Sz, 82, Sy measure the voltage offset in the system and provide
information on the offset variation. The average offset is subtra,cted leavmg
the corrected mea.sured ﬂux, Veor, a.ccordmg to

 Yoor (£) = Y(2) — mat : -~ (29)
(where my is the a.verage of 5t0, St2, Sta) and the flux determined from

1 3
$ = N Z yco,.(t2+nAt)—

1(1 %82
5 ( 7 Zoym(to+nAt)+ = Z_%ym(tunAt)) (30)

with 1/At being the sampling frequency‘ (~ 15Hz) and N is the nominal
number of ‘good’ points at flattop (e.g. 30 points for a two second wait at
flattop).
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8.2 Noise considerations

Efforts have been made to reduce the effects of noise by thermally stabilizing
wire connections, making motions as quickly as practical, synching samp]ing
triggers with 60H z line and 15H 2 booster frequencies, and using a ferrite
ring on the signal inputs to the PDI (to reduce rectified high frequency
noise).
8.2.1 Expected influence
Assume that

to = tg -T

ty = L+T

as shown in Figure 11. The voltages stemm.mg from noise at frequency w
can be expressed as :

V(t) = A(w)e*'wt _ (31)
and its resultant flux as

&u(t) = —A(w)e“"‘ , - (32)

where A(w) is the amplitude of the noise at the frequency w and the phases
are assumed random. With Eqns. 30 and 32 the noise contribution to a
determination of a flux step can be written as

‘ 1 N-1 A
§1wice(w) , N 1'(::) tw(tg+nAt)

A n—O

N 3]

1 = A(“’) w(t3+T+nAt))

. |
! (L T A - rmae)

n=0

N w

n=0

which simplifies to
| oy AW) . 2 | 1% omae
@mme(w) = Tio e [25111 ( 2 )] ¥ E e_ o

i N-1
= &,(ty) 26in? (“%T)%Ze‘“’"“‘ | o)

n=0 =
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The worst case frequency is where 9.‘,1 = J, that is, where f = §1T For

the speed of our stage motions (~ 5mm/s) and length of flattop duration
~ 2s this implies a frequency of ~ 0.15H2. The RMS flux error from all
frequencies of noise would be : ‘

2
4 . LoT (13,
®rMs = }:Az(w)a—ﬁ sin* - (—JV > e“‘"‘A‘) (34)

n=0

Note that the factor %,—Zfz'},l At (stemming from averaging over the
flattops) is useful in helping to reduce higher frequency noise effects; for the
worst case frequency, f = %, however, the reduction is only ~ 0.3% of the
RMS error contribution. _

The &, spectrum caused by the MTF noise background (averaged over
20 measurements) is shown in Figures 13 and 14 for measurements made
with the PDI inputs shorted and with the SSW system attached (the wire
being in a low field region (magnet center) with zero movement at 0A).
Applying the amplitudes and frequencies in these background measurements
according to Eqn. 34 yields an expected ®ppss of 0.6pV — s and 2.6uV — s,
with the PDI shorted or wire attached respectively, for flattops separated
by T = 7s. In adding two flux steps (from + motions) the #y’s of which are
separated by time 2T (Figure 11), the ® pprs expected is 0.4uV — s with the
PDI shorted and 1.7uV — s with the SSW attached. '

8.2.2 Experimental noise results

Experimentally, RMS variation of flux measurements taken under: various
- circumstances are summarized in Figure 15. Based on these measurements
the noise from the system as a whole would seem about three times worse
‘than the noise of the PDI itself. Since the variations are independent of
current and are present with or without stage operation, they would seem
to stem from sources other than: o : ' -

e power supply
e wire vibration/slip
o stage motors

e thermovoltage variations in wire connections
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As demonstrated by measurements G and H in Figure 15, making measure-
ments as quickly as possible (tempered by the desirability of limiting wire
vibrations), reduces ®gars because of the 1/f decrease in noise amplitude
(the data is identical but G assumes T = 12s, while H assumes T' = T7s).

The results are roughly consistent with those of the previous section
where the expected $pars for the sum of + measurements was calculated
using the SSW system noise spectrum.

8.2.3 Amplification

An amplifier ~x30 gain used in some of the measurements did not show a
dramatic improvement (Figure 16 and measurements D and E in Figure 15);
this amplifier was just upstream of the PDI and apparently noise sources
already had affected the signal. Measurements of integral strength at zero
current made using a 7-element “Litz” wire (connected in series) did reduce
noise significantly (Figure 17), and so with early amplification of the signal,
the influence of noise can be expected to be reduced. Near full current,
the RMS of measurements made with the Litz wire were about the same
as those made with the standard wire (i.e. ~ 2 x 10~*). This may be due
to limitations in the power supply stability and measurement (~ 1 x 10™*%)
or wire oscillations in the Litz wire (some minor modifications would be
necessary to tension this much heavier wire comparably).

'8.2.4 Summary .

The Spums observed is 1.5pV — s and would seem to stem from electrical
-noise in the MTF environment (the PDI noise is less than a third of this).
For motions of 25mm this limits the RMS variation of integral strength

- measurements to ~ 0.003T. Amplification may be able to reduce the relative - - -

influence of noise, allowing integral strength measurements to better than
0.0005T. )

9 Measurements Dafa

This section presents measurement results of accuracy and repeatability
for SSW strength and coordinate measurements of FMI quadrupoles.
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9.1 Strength measurement accuracy

The accuracy of the strength measurement relies on accurate measurement
of wire motion and induced flux. The stage motion measured by the en-
coders was checked using an HP laser interferometer system. The target
was mounted near the wire support (i.e. 35mm above the stage on stage
unit ‘A’ and 50mm above the stage on stage unit ‘B’) and so should include
any effects from pitch imperfection in the stages. For the calibration the
laser was aligned to the axis of motion to within ~ 6mrad to insure less
than 2 x 10~° error (0.5um over 25mm) in the measured position caused by
cos @ effects. ’

The + distances travel by the ‘A’ and ‘B’ x-stages, along with the cor-
responding distances recorded by the linear encoders of the stages are given . .
in Figure 18. Calculating a D.sy for the interferometer data (by averaging
the + averages at both ends) gives D.;; = 24.9990mm; for the encoder
data, D.ss = 24.9985mm. Therefore, the difference in the D.zs used in
calculating strength is about 0.5um and should give an error in strength of
5x10~% (Eqn. 11). The PDI voltage and linearity were calibrated against an
HP3458A and found to be accurate to 5 x 1075 [3]. The long term stability
of these calibrations have not yet been verifed.

Thus the present system accuracy would seem to be on- the order of

'1-2x10"* (see Section 5.2) assuming accurate measurement of magnet
current and removal of multipole effects. ' :

9.2 Strength repeatability

Repeatability data taken near full field are shown in Figure 19. Zero current
‘measurements are shown in Figures 16 and 17 for various configurations (see
Section 8.2). The variation in integral strength is very typically ~ 0.0037.
As an example of long term repeatability, results of three measurements of.
the reference magnet 1QC020-0 performed during a six month period (May-
‘November 1995) are shown in Figure 20. The standard deviation among
the measurements is ~ 1.25 x 10~* (the individual means used were each
averages of three repetitions).

9.3 zg results

The systematic error from disparity in +z motion as measured by the in-
terferometer calibration would seem to be 1 —2um. Multiple measurements
of o at a fixed current are shown in Figure 21 and have standard deviation
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< lpm. The measured zo compared to optical survey of the laminations is
shown in Figure 22 for several magnets. The standard deviation is 112um
(the typical error in survey measurements cited is 125um).

9.4 yp results

An example of 30 y} measurements taken at various tensions is shown in
Figure 23. The standard error in the intercept, yo, for these measurements
is < 2um. Typically, taking three sweeps at each of three tensions, this error
is at the level of 5um. ’

Measured yo compared to optical survey of the laminations is shown in
Figure 24 for several magnets. The RMS is 90pm "Typical error in survey
measurements is again ~ 125um.

9.5 4, results

Roll angle measurements have been a lower priority for the FMI quadrupoles,
and there is a smaller quantity of data available. Two calibrations of the-
system roll offset, 8., have yielded a value of —40 £ 10urad. SSW measured
roll angle compared to optical survey is shown in Figure 25 for five magnets
(note that there are two measurements on magnet IQD020 - one made with
the magnet leveled and the other with the magnet intentionally rolled by
~ 1mrad). Repeated SSW measurements of roll angle on a single magnet are
shown in Figure 26 these indicate measurement repeata.blhty with standard
deviation < 10urad. :

10 Conclusion

Details of the design and performa.nce of the SSW system have been
presented and indicate that the system performs at or above its design goals.
Results would indicate integral quadrupole strength resolution of 0.003T
‘(perhaps as low as 0.0005T with amplification), measurement accuracy of
2x1074, z, y offsets accuracy of 10um, a.nd roll angle measurement accuracy
of better than 100urad.
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11 Appendix A - Components

Below is a list of FNAL drawings associated with the SSW system:

Drawing Name ' - ' Drawing Number
ISOTHERMIC FLASK-WIRE CONNECTOR 1670-MA-304621
DRIVE MOTOR-PULLEY 1670-MA-304620
SPHERICAL PAD-MOUNTING PLATES 1670-MC-304614
STRAIN RELIEF-MOUNTING BLOCK 1670-MA-304613
SUPPORT TABLE-BASE PLATE 1670-MC-304612
STAGE SUPPORT TABLE - : 1670-MD-304611
ADJUSTMENT PLATE(DOUBLE SHAFT) 1670-MC-304610
ADJUSTMENT PLATE(SINGLE SHAFT) 1670-MC-304609
WIRE POSITIONER SUB-ASSEMBLIES 1670-MC-304606
PLATE MODIFICATIONS(TENSION END) 1670-MC-304605
PLATE MODIFICATIONS(MOTOR END) 1670-MC-304604
JEWEL ' 1670-MA-304602
JEWEL HOLDER~-MOUNTING BRACKETS 1670-MB-304601
JEWEL HOLDER/CLAMP-TYPE 2 1670-MC-304594
JEWEL HOLDER/CLAMP-TYPE 1 : ‘1670-“C-304593

Below is a partial ].istihg of compoﬁents:

Component Name. Model Vendor

Stages o - sL202 - Pacific Precision Labs (PPL)
Heidenhain encoders = ium accuracy PPL

Home, limit switches toum PPL.

Microlevel : Surad A Wyler

Step motor translators SMD v Whedco

Controllers VME-3560 Whedco

Precision Digital Integrator 5035 ~ Metrolab

Ceramic wire guides com Keir Ceramics

Tension Gauge ' 0.5-mini-utc A. L. Design Inc.

Flasks H19876, F19860  Southeastern Lab. Apparatus
Retro-reflector nest 1.5 SM o Hubbs Machine and Manufacturing
Step motor (for wire tension) LN-5751 Compumotor/Parker

CuBe wire #25 alloy 100um Little Falls ‘Alloy
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12 Appendix B - Effects of Offset and Motion
Error :

Taking a thin cross-sectional slice of the wire of length dz at an axial
position 2, the flux measured in moving the wire from initial position zo(2)+
€0, to final position D + 24(2) + €; (from Eqn. 1) is

®pi(2) =d= /D+€+ g(z—2zo(2)) dz

where the €’s are small offsets from desired start and stop positions as mea-
sured by the encoders (i.e. the stages are requested to start at position 0
and move a distance D, but depending on whether stages are operating with
feedback , etc., the stages start and stop a small amount off the requested
values). The zo is left as a function of z—position since the stretched wire
axis may not be set up parallel to the magnet axis. '

dz g (%2 - zo(z)z)

2
iz g (D +22De+

D+€+

®n4(2)

€y

~ 20(2)D — so(2)es + mo(2)ec, )

Similarly for the move in the —D direction (from initial pbsitibn zo(2)+ €o_
to final position —~D + zo(2) + €_)

D2~ 2De_

g (s) ~ ;z;.,._,,( : +'zo.(z)D—zocz)e_+=o(z)eo_--)-»

12.1 Strength _ N
Combining @54 (2) + &x-(2) for measurement of strength yields
®ui(2) + €n-(2) = dzg [D2 + D(ey — €.) — zo(2)(€4 + e_ )+
’ zo(2)(€0y + €0_)] |

For D ~ 25mm, €’s ~ 5um, zo(2) ~ 2.5mm, the zo(z)e terms amount to a
few x1075 of D? and can be ignored. We are left with '

Si(z)+ Bp-(2) = dz~;q [D2 + D(ey — e_)] - (35)
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Alternatively, taking a D.gs as the average of encoder values at the ex-
tremum positions gives

(D+er)—(-D+e)
2

€4 — €_
2

D.ss

From Eqn. 3 this gives

®n4(2)+8n-(2) = dzg Dl
' ~ dzg (Dz + D(ey — e_))

which is the same as the flux sum of Eqn. 35 above. Note that this result
is independent of ¢ (and hence on z) - depending neither on the offset nor
on the wire being parallel to the magnet axis. Therefore, over the axial
integration in z, dz is replaced by L,,, the magnetic length, and e; (or ¢_)
by the average €; (e-)of the two ends of the wire; simply averaging the +
extrema positions reported by the encoders at both ends of the wire (and
ignoring those at the zero positions) gives a very accurate measure of D.yy.

12.2 Centering

The effect of the offsets (¢'s) on determining centering parameters is . found
by calculating z§ with 54+ as above. This yields '

o = 20(2) — (e +e-)+ 22 (e, — ) - (e, — o)

For the sample parameters given above, 5‘3‘51 & 0.05 which, when multlphed
by a quantity of order € can be ignored. Tlns leaves

zh = zo(2) - (€4 +¢.)

This shows that offsets in the motion extrema get carried directly to an error
in determined position. If encoders record these offsets accurately, they can
be corrected for, but if there are no encoders or errors in encoder reading,
or if the offsets stem from stage errors or wire motlon on the jewels, the
consequent errors will carry through.
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13 Appendix C - Additional Measurements

13.1 Quadrupole axis determination

Previously we considered ‘the wire to be at position z ~ 2, y — yo with
respect to the magnet axis (where z, y is the position in the SSW frame
and o, Yo is the translation offset between the SSW and magnet frames).
If however, one end of the wire is translated by a different amount than the
other end, the unequal displacement raises the question of what the center
offsets calcula.ted by the SSW measurements mean. Considering a wire of
length L (from z = 0 to z = L) and a magnet the ends of which are located
at z = a, z = b, the position of the wire at any point in the magnet is given
by

Ty = :c'—inz——(z—a)—a:,z

Ym = y—%—'_-a—(z-a)—ya

where the zp, Z4, Y5, Ya are the z, y offsets of the wire at the 2 = b, z=a
ends of the magnet. If we use this in Eqn. 1, we have

b
N ey STy

This yields
D2
¢t = glm b F D (zaba + a2y — @290+

e i v

' _f(zb’—' Ta) = ;z(yb - ya))]
Determining :1:6 from Eqn. 5 then gi?es | v
| Zp+zq ’ ) X

5 | | (3§)

i.e. the offset determined is simply the average offset (note, however, that if
the distances 2 =0 to 2 = a or z = b to z = L are large and z, # z3, then
transfer errors (from the stages to magnet fiducials) can result because the
position of the wire at the stages is dlﬂ'erent than its posmon at the ends

of the magnet (see Section 7)). This average offset is appropriate to use in
transfer to magnet fiducials and subsequently in component a.hgnment

TH =
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If the wire ends are moved counter-directionally (i.e. one stage moving
from 0 to £ = D while the other moves from 0 to z = —D), the result
can be combined with the above to determine the axis of the magnet ([6]).
For counter-directional stage motion the flux is evaluated as before except

that z (in the wire’s frame) is now a function of z and thus the limits for
z integration must go from ¢ = 0 to z = :I:D( - %) Peforming the

integration yields

+ D(1-32
/ / b2 T — a2ym] dz
zZ=a v

=0

5 AN

= glm [bz—z—a_o, F D(zab2oz + azyez — azyacz+
—ba(zp — za)az + az(¥p — Ya)az2)]

‘where the a’s are the geometrical factors

b+a
a = 1- A
. _ 2a+4b-3L
L 6L
- 2(b+a)  4a%+0b%+ab
@ = l-==—+3—p

For small roll éngle, the a; terms can be ignored and calculation of zj
from Eqn. 5 gives
-,.W al"raz; g

henfioal @

Therefore, w1th measurement of zg using co-directional and counter-directional
stage motions, Eqns. 36 and 37, can be used to determine the values of the
two unknown quantities, z,, s, relative to the wire position at the ends of
the magnet.

A similar set of measurements can be made to yield the y,, yp except with
~ additional efforts needed to remove sag influences using 1/T extrapolations
~to infinite tension.
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13.2 Dipole magnet strength

For a stretched wire measurement in a dipole magnet, where the general
expression for the y—component of the field is given by

By = B3 (3" [on R{((e ~ 20) + iy~ 1))} - am S{((o - 50) + (5 - yo))™"}]

the integral strength, L,, By, can be determined from the flux measured for
horizontal wire motion ' '

+ +D
) = [dz [ daBy(a,y)

b/ 22 as (2 2
4+ 2 o 2 Yy Yo
= =Lm “\s--"—— ]! —
¥y = LmB1z (b1+ 2 (R R) 2 \ & R)
by (22 322 32 3 6 3y2
+23 EEJ,L;_-ig_» "’g’+y_1;0_12
3\R2" R2 R R: R R
-6 3 6 3 ==D
+2 (o ez =)+
3 R R R R o

Taking the difference of + measurements at y = 0 leaves

et-o- '_ —b2 (220) az ( 2y
2 " L“BID(b‘JrT(R)fz(__T)

| (0, g

I\ R R

: az (6zoyo) ,
| 5 ()

where the first term, L,, By Db, yields the integrated strength. The multi-
pole terms are generally small and can be neglected (or removed in analysis
as needed). For example, R = 0.0254m, zo, yo <. 5mm and wire motion
is D = £10mm, the dominant error from multipoles is ~ 0.2 x b;. Er-
rors arising from the measurement of flux for this same motion (assuming
Ly, =3m, By ~ 1.5T, and RMS flux error ~ 2uV — 5) would cause errors
in the measured strength ~ 0.5 % 10~* and so are likewise generally small.
In addition to centering the wire in z, y to better than 5mm, the result
would also depend on adjustment of the the roll angle, b; = cos#y, to within
15mrad for errors less than 104,
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13.3 Dipole magnet field shape

If SSW measurements are made at several motion steps, e.g. D = 10mm,
15mm, 20mm, etc., the change in field as a function of z can be measured
from the differences between successive @I*{. It is therefore also possible to
roughly determine the multipole strengths. For example, using the expres-
sion for @}} in the previous section, setting y = yo = 0, and defining the
difference between successive wire motions as w = D;4; — Dj,

Dit+w - D; ‘ D -
‘I’Itto —§§0 = LmBlw(b1+bz(%+2—%)4-
(D—$0)2 (D—zo)
b3( ot et g ) e

This is an expression for the flux through a loop of width w at position D—zy,
and the variation as a function of D can thus be mapped. Furthermore, to
first order, the term linear in D is %, and the term quadraticin D is —’,—, etc.,
and determining the coefficients of a polynomial fit of this data d1rectly gives
an estimate of the multipoles (because of the fitting involved, care must be
taken in estimating the uncertainty in the multipoles measured - espema.]ly
higher order terms).

13.4 Dipole magnets with sagitta

For dipole magnets with s_a.gitté.; the position of the magnet axis relative to
the SSW system is a function of axial position, z. This is given by

‘zo(2) = r—rcos@+ zo(0)

= r—r(\/——mﬁ)mo(m

= r-(l— \/1 - —) + wo(O)

= 7 +20(0)
where r = ;—' is the radius of curvature of the magnet and z = 0 is taken to
be magnet center with the ends at + L, /2.
The result of the flux calculation is the same as for straight dipoles except
that there are additional contributions from multipole terms. The dominant
terms; assuming that zo, 3o are < R/10 and that the strength is calculated
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from (+ — &~ )/2 are

For the FMI dipoles L, = 6m, d = '2340m, and R = 0.0254 so that for
D = 0.01m, the largest contribution to error would be ~ 0.05b3. -

14 Appendix D - Susceptibility and Sag Effects
14.1 Wire sag |

The weight of a wire causes it to sag a distance Ay equal to

Ay = c(cosh%—l)

22

2c
where z is the axial position of the end of the wire from center, and ¢ = T'/w
(T is the horizontal tension in the wire, and the w is the weight per unit
length).
CuBe wire has density ~ 8.4 x ‘103’—’;% and tensile strength ~ 1400M Pa.
This gives a value of ¢ =~ 17km (assuming T is near its tensile limit) and
therefore at z = L,,/2 = 1.5m, a sag of Ay = 70um. Note that the average .
displacement (~ 2/3 this amount) is what actually would be measured.
For tungsten wire, the density is about 15 X 103—-‘_’— and the tensile

strength ~ 2800M Pa. This gives a similar value, ¢ =~ 20km and so -

at z = 1.5m, Ay 60um.

14.2. Wire susceptlblhty

Following the discussion in [7], the force per unit length in the z~—direction
ca.used by the wire being dia- or pa.ra.-ma.gnetlc is

f=%g%z
Ho .

where x is the susceptibility (of order 10~%), g is the gradient (~ 23T/m
for FMI), «'i5 the z—position of the wire in the field (0 '025m), a is the
cross-sectional area of the wire (8 x 10~9m? for the 100um wire used), and
Ho is 47 x 10~ 7T”‘ Using these values, f = 8 X 10"7N '
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For a wire the same length as the magnet, f plays the same role as
gravity in a catenary (see above wire sag discussion). The displacement at
the center position, z = L., /2, for a wire with the above parameters and T,
the wire tension, at 850g (8N), is

fL;
Az = 2om
’ 8T
= 0.lum

and so is negligible for FMI measurements.

If the wire is much longer than the magnet L,, >> L, , the situation
approaches that of a wire being pulled at its center point by a localized force
equal to fL,,. The displacement in such a case would be

_ fLylm

Az o7
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Figure 1: Electrical schematic
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Y (quad)
A

center ;. X (quad)

Figure 2: SSW coordinates and motions with respect to inagnet
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Wire
Connection
Assembly

insulator

Stage Unit
Fixture

cups for
spherical feet -
of stage unit

: : Tl : & 8 y-translation
.. : . spherical nut/washer
assembly

x-translation bolt

Figure 3: Thermal isolation and stage unit support fixture
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pulley . wire attachment
(hidden from view) collar/spur.

Stage Unit "A"
Tooling Plate
"nest" for
fiducial ball
tensioning
motor
wire connection
assembly
ceramic
"jewel"
Stage Unit "B"
. Tooling Plate
tension gauge
power/signal
cable
G-10 post for
. ‘wire attachment
tension gauge
(hidden from view)
"nest" for
Jiducial ball.
G-10 pin to hold -
wire after wrapped
at post
double ceramic

"jewel" assembly

Figure 5: Stage unit wire support and tensioning
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. Stage Unit Plate Edge

Figure 6: Stage unit plate axes used for alignment
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Figure 7: Stage axes and error in x-motion caused by pitch error
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Figure 8: Variations in measured flux with wire “stationary” at extrema of
motion

Time (seconds)
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Yaw

SSW unit

Figure 9: Axes of SSW stage unit . :
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-

Magnet

25m

- Figure 10: Influence of stage unit positioning at ends of magnet on deter-
mination of quadrupole center ’ o
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Figure 12: Error of fit vs time for a fixed number of points. Flattops are

determined from the minima
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Figure 14: Spectrum of noise with wire attached in low field region at 0A
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Figure 19: Integral Strength TF repeatability at 3kA
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Figure 20: Long term repeatability using reference magnet
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Figure 21: Repeatability of x-center measurements
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Figure 22: Comparison of survey and SSW x-center measurements
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Figure 23: Measurements of y-center as a function of tension
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Figure 24: Comparison of survey and SSW y-center measurements.
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Figure 25: Comparison of survey and SSW roll angle measurements
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Figure 26: Repeatabﬂity of SSW roll angle measurements



